Abstract
I. INTRODUCTION
A large amount of conductors is characterized in the frame of the third ITER benchmark tests. The critical current of the conductors is measured as a function of the applied field, temperature and uni-axial strain. The data are used to verify an improved scaling law, which is deduced from scaling relations available through literature and a comparison is made between two different descriptions for the axial strain dependency in A15 materials. The scaling relation is expected to be an accurate description for the J,(B,T,&) dependency of Nb3Sn conductors, in the compressive axial strain regime.
SCALING RELATIONS

A. Field dependence
The description of the critical current density of typeII superconductors is based on the critical state concept [1, 2] , in which at the critical current density Jc, the Lorentz force is exactly counteracted by the maximum pinning force Fp. In that case, the critical state is represented by [3] :
J , ( B ) X B = -F , ( B ) .
(
Various pinning models [4, 5] give a relationship for the pinning force and the applied field:
which is valid for 0.3 << b < 0.9 and over a wide temperature range. In this relation is b = B/BC2 and the functionfis implicitly defined. The parameter C is a scaling constant for the maximum pinning force, which is proportional to the critical current. For Nb3Sn p = 0.5 and q = 2 appear to be appropriate values. 
with 2 2 v 5 3, but comes closest to 2 [5, 7] .
The function K(T)-"
is introduced in order to insert qualitatively a temperature dependent K, with 1 < y< 3. A few years earlier they showed [SI that, neglecting the temperature dependence of the GinzburgLandau parameter, the temperature dependence of B,p(T) is within 10 % proportional to (1 -2) for T << T,, with t = TIT,.
A refinement is made by Summers et al. [9] , who empirically fitted the temperature dependence of the Ginzburg-Landau parameter to:
) . K ( t ) .
(4)
and introduced it into the temperature dependence of Bcz via:
Note that the influence of this correction on the pinning force, depends on the relation between the two powers v and y. In the case that v = 2 and y= 2, the influence of K(T) on F,(B,T)
disappears. The exact shape of K(r) is strongly material dependent, as shown by Fietz and Webb [SI for different NbTi alloys. It is reasonable to assume also a strong material dependence for Nb3Sn. This inherently means that a certain error in the model for J,(B,T) can arise from an inaccurate description of Bc2(T) andlor a not well known dependency of K(r). Ekin [lo] stated that the influence of a mechanical deformation on the pinning force should be written in the same explicit way as the temperature dependency: 
C. Strain dependence
where w = 3 for A15 materials and T,, is the critical temperature at zero applied field at the maximum in the strain curve.
Combining (l), (3) and (6) , under the condition that S(E) is independent of temperature leads to:
The critical current at a certain temperature T, applied field B and applied strain E, is then written as a function of three material parameters Tc,,,(OT), Bcz,,,(OK) and C, and the strain dependency function S(E). The strain E in the above formulas is an effective value, representing the intrinsic state of strain that is present in the superconductor. The assumption that S(E) is independent of temperature seems reasonable, considering the fact that (3) holds for different samples, so inherently for different strain states.
An empirical axial strain dependence function S(E,) is given by the power law of Ekin [IO]:
where E,,, is equal to the applied axial strain at which the maximum in Jc occurs. This description has proven to work very well for axially elongated wires, if two different values for the strain scaling constant a are used. Typical values for Nb3Sn are a = 900 for E, < E,,,, a = 1250 for E, > E,,, and U = 1.7.
Alternatively, S(E) can be written as a special (axial) form of a three dimensional deviatoric strain model, that utilizes constant overall Poisson ratios in the composite conductor. The strain function for axially deformed conductors, in which the upper critical field is normalized to the maximum in the strain dependency curve, then exhibits the following non-hydrostatic strain dependency [12,13,14]:
which uses a scaling constant C, that is defined slightly different than in previous publications [12, 14] . The factor E, , . , includes the remaining strain state of the superconductor at the maximum in the strain dependency curve and is found to be relatively small (< 0.2 %). 6 is determined by the thermally induced pre-strain.
Note that (14) does not account for non-elastic deformations with a changing Poisson ratio (e.g. yielding or cracking).
MEASUREMENTS
A. Sample material
In order to verify the scaling law, the data from a large number of measurements are analyzed. All samples from one producer are reacted together under vacuum conditions, in order to treat the various samples as equally as possible. A selected overview of the conductor specifications, partly deducted from the characterizations is given in Table 1 .
B. Deformation experiments
The set-up to measure the critical current as a function of field, temperature and axially applied strain is described elsewhere [13, 15] . The samples are heat-treated on a stainless steel holder and then transferred to a brass substrate. The wires are tightly soldered to the substrate with SnAg solder, in order to get a well defined and reproducible pre-strain. Voltage-current measurements are taken as a function of applied axial strain at applied field values of 10 and 13 T at liquid Helium bath temperature (atmospheric pressure) and 6.5 K . Due Table 1 ) and one sample is selected on which to perform the field dependency measurements.
The Z,(r) measurements are performed at a background field of 13 T, for temperatures ranging from 5 to 8 K. 
IV. VERIFICATION
In order to verify the validity of (S), its parameters are determined to describe all the available data. A separation is made between parameters, which are considered to be properties of Nb,Sn ( Table 2 ) and parameters, which depend on the production process and preparation method (Table 3) . Since all samples of one producer are reacted at once, they should inhibit the same B,zm and T,,,, and only parameter C, the overall scaling constant for the critical current, is allowed to change per sample. The latter however, is only necessary for the samples D, which obtain a larger inaccuracy in the I, determination due to the extrapolation to the 5.10-5V/m level, caused by a much lower n-value (-15) compared to the other samples (-35) [16], and for samples E and F, that have a relatively large variation in critical current, even on the Ti-6A1-4V holder (see Table 1 Table 2 and Table 3 values. The continuous line is calculated with (14), across the entire strain range, with parameters as given in Table 2 and   Table 3 . In particular the regime from -0.4 to + 0.4 % applied strain is better described with (14). Since this is the most relevant regime for practical applications, this equation is chosen for the remaining analysis.
The critical current data of all samples, as measured on the Ti-6A1-4V holder, are given in Figure 2 . It is clear that the field and temperature descriptions in (8) work very well with one set of parameters (Table 2 and Table 3 ) across all the samples from one producer, although a small improvement can be made on the temperature dependence. This is confirmed by earlier experiments on conductors B and D, in which a strong deviation occurs at higher temperatures [ 171.
The deformation experiments on conductor A are presented in Table 2 and Table 3 . Table 2 and Table 3 . The dashed lines indicated the deviation from (8) .
that is observed in the I,-strain dependence cannot be covered by this semi-elastic description for the deviatoric strain dependence.
The deformation experiments on conductor B are given in
Figure4. The only deviation in the Z, measurements occurs at large tensile strain for sample B2, where an increased reduction is observed. An explanation for this sudden reduction is the occurrence of non-elastic deformations like yielding or cracking in the conductor that has a highly stressed matrix at this point. Another important conclusion that can be drawn from this measurement, as can be seen in Figure4, is that normalized scaling of I, with respect to the maximum in the strain curve, will lead to irreproducibility's in the Zc, T, and Bc2, across different samples of a single manufacturer in the compressive Table 2 and Table 3 . The solid lines are calculated with a different value for parameter C than the dashed lines. The dotted lines indicate deviations from (8) .
strain regime. This is caused by a different interpretation of the strain axis. The Z,(B,T,&,) data, combined with the description according to (8) of the remaining samples is given in Figure 5 , for B = 10 T and T = 6.5 K. The other field and temperature combinations show a similar behavior. The deviations can be correlated to non-elastic deformations, similar to the data for sample B2. For samples F, the description for J,(B,T,&) is only accurate in the compressive regime, where the matrix deformation is small.
V. CONCLUSIONS
1. An improved scaling law for J,(B,T,E) is deduced from relations, which are available in literature. The model is verified with experimental results and delivers an accurate description of the three dimensional critical surface of Nb3Sn as a function of the strain state, in particular in the compressive axial strain regime. The relation makes it possible to describe the behavior of all samples of one type of conductor with a single set of parameters. 2. The highly stressed region around the maximum in the strain dependency curve cannot always be covered by the linear, axial approximation of the deviatoric strain model (14). This part is better covered with the asymmetric power law description (13). For technical applications with a large axial compression, like CIC conductors and magnet systems, (14) will be preferable. 3. A future improvement can be made in the deviatoric strain description, to allow for the asymmetry in the strain dependency curve via non-linear mechanical behavior, like plastic deformation. This will extend its validity range in the tensile strain region, but will not be able to cover the variation in ZC(& that is observed between the samples of some conductors. 4. A present constraint for the scaling relation is the limited verification of the temperature dependency part. An important improvement will be an extension to temperatures close to T,.
